In response to binding viral double-stranded RNA byproducts within a cell, the RNA-dependent protein kinase PKR phosphorylates the ␣ subunit of the translation initiation factor eIF2 on a regulatory site, Ser51. This triggers the general shutdown of protein synthesis and inhibition of viral propagation. To understand the basis for substrate recognition by and the regulation of PKR, we determined X-ray crystal structures of the catalytic domain of PKR in complex with eIF2␣. The structures reveal that eIF2␣ binds to the C-terminal catalytic lobe while catalytic-domain dimerization is mediated by the N-terminal lobe. In addition to inducing a local unfolding of the Ser51 acceptor site in eIF2␣, its mode of binding to PKR affords the Ser51 site full access to the catalytic cleft of PKR. The generality and implications of the structural mechanisms uncovered for PKR to the larger family of four human eIF2␣ protein kinases are discussed.
Introduction
The RNA-dependent protein kinase PKR belongs to a family that shares the ability to phosphorylate the α subunit of the translation initiation factor eIF2, a multisubunit G protein. Each family member, including PKR, the heme-regulated protein kinase HRI, the unfoldedprotein-response regulator PERK, and the metabolite sensor GCN2, responds to distinct stress stimuli but transmits an overlapping signal that potently inhibits cellular translation through its ability to phosphorylate eIF2α on the same regulatory site, Ser51 (reviewed in The precise mechanism by which PKR recognizes eIF2α and the mechanism by which dimerization and autophosphorylation control PKR catalytic activation and substrate recognition are long-standing areas of investigation. Oligomerization plays an essential role in regulating numerous protein kinases, most commonly through its ability to promote trans-autophosphorylation on regulatory sites both within and outside of the protein kinase catalytic domain (reviewed in 
Results

Structure Determination
A 284 amino acid fragment of human PKR and a 175 amino acid fragment of S. cerevisiae eIF2α were expressed separately in bacteria, purified to homogeneity, and mixed at a 1:1 molar ratio for crystallization. The PKR crystallization construct extends from residues 258 to 551 and encompasses the protein kinase catalytic domain. Two point mutations, His412Asn (Dar and Sicheri, 2002) and Cys551Ala, were engineered to reduce toxicity of PKR expression in bacteria by attenuating catalytic activity and to eliminate oxidationinduced protein instability, respectively. Additionally, a 13 residue deletion was introduced into the proteasesensitive β4-β5 loop of PKR (residues 338-350), which had the effect of eliminating the tendency of the protein to form high-molecular-weight aggregates at high concentrations, as evidenced by static light scattering. Importantly, the final crystallization construct forms a dimer in solution and maintains an ability to autophosphorylate on Thr446 and to phosphorylate eIF2α in vitro Figure S1 . Structure-based sequence alignments of the catalytic domains of the eIF2α protein kinases and the S1 subdomain of the eIF2α substrate and K3L pseudosubstrate proteins are shown in Figures 1A and 1B , respectively. A ribbon representation of the P3 2 21 crystal complex is shown in Figure 1C . A ribbon representation of the P2 1 crystal complex and detailed views of the individual PKR catalytic domains are provided in Figure S2 . A detailed view of eIF2α and comparative views of previously determined isolated eIF2α and K3L structures are provided in Figure S3 .
Overview of the PKR-eIF2␣ Complex and Individual Subunits
The catalytic domain of PKR adopts a bilobal structure typical of protein kinases, with a smaller N-terminal lobe (N lobe) and a larger C-terminal lobe (C lobe) connected by a short hinge (reviewed by Huse and Kuriyan, 2002). A higher-order dimeric configuration of the protein kinase domain is achieved by a back-to-back interaction of two N lobes, while the C lobe of PKR composes the binding site for eIF2α ( Figure 1C) . The dimer configuration of PKR is observed in both crystal forms analyzed. In the P3 2 21 crystal form, the dimer configuration is crystallographic in nature, while in the P2 1 crystal form, the same dimer configuration is generated by two distinct PKR molecules in the asymmetric unit. Identical binding modes of eIF2α to PKR are observed in both crystal forms; however, only one of two PKR molecules in the P2 1 crystal form engages an eIF2α molecule.
PKR Subunit
The smaller N lobe of the kinase domain (residues 258-369) consists of a twisted five-strand antiparallel β sheet (denoted β1 to β5), a canonical helix αC laterally flanking one side of the β sheet, and a noncanonical helix α0 (residues 258-266), which integrates into the top groove of the β sheet. The β4-β5 connecting loop of PKR, corresponding to the site of deletion of an eIF2α kinase characteristic insert, is disordered. The larger C lobe (residues 370-551) is comprised of two paired antiparallel β strands (β7-β8 and β6-β9) and eight α helices (αD to αJ). Relative to protein kinase structures determined to date, only helix αG appears grossly displaced from a canonical position (C-terminal α helices αI and αJ are noncanonical elements). Positioned between helices αE and αEF in the lower catalytic lobe lies the activation segment (residues 432-458), which serves a phosphoregulatory function in many protein kinases, including PKR ( (Figure S3) . A major portion of the S1 subdomain, consisting of a five-strand β barrel (denoted β1 to β5), is highly conserved in primary and tertiary structure across the larger eIF2α and K3L protein family ( Figure  S3 ). The α-helical subdomain is unique to the eIF2α protein subfamily and consists of five α helices and one 3 10 helix (denoted α1 to α5 and 3 10 C). The S1 subdomain is interrupted on one surface of the β barrel, opposite to the site of association with the C-terminal α-helical subdomain, by a helical insert between β strands 3 and 4. The helical insert is notable for its structural conservation within but not across the eIF2α and K3L protein subfamilies , 2005a) . Indeed, projection of conserved residues onto the eIF2α surface almost perfectly identifies the contact surface with PKR (8 of 12 contact residues are highly conserved) ( Figure 3A) . Interestingly, on the reciprocal binding surface of PKR, only 2 of 13 contact residues are strongly conserved across the eIF2α protein kinase family, namely Thr487 and Glu490. In addition, many interactions involving eIF2α are directed at main-chain atoms of PKR. This apparent lack of conservation may account for the inability to locate the eIF2α binding site on PKR to date ( Figure 3B , left panels). eIF2α contacts two distinct elements of the C lobe of PKR through a diverse set of interactions including numerous water-bridged hydrogen bonds ( Figure 3C ). Most notable interactions are directed at helix αG, with the exception of hydrogen bonds directed at the activation segment of PKR. Interactions between eIF2α and PKR helix αG include (1) ionic and hydrophobic interac- tions between the invariant Glu490 side chain of PKR and Lys79 and Tyr81 of eIF2α; (2) the side chain of Phe489 in PKR, which is substituted by either Met or Ser in other eIF2α kinases, projects into a hydrophobic pocket composed of Met44, Tyr32, Tyr81, and Glu42 side chains of eIF2α; and (3) the Asp83 side chain of eIF2α caps two of four backbone amino groups (Ala488 and Phe489) at the N terminus of PKR helix αG. In eIF2α protein kinases in which Phe489 is substituted for Ser ( Figure 1A) , our modeling studies suggest that a loss of hydrophobic interactions may be compensated for by a Ser side-chain hydrogen bond to Asp83 in eIF2α. Lastly, the invariant Thr487 residue of PKR makes few interactions of apparent consequence with eIF2α beyond van der Waals contacts to Arg74, Asp76, and Tyr81. Instead, Thr487 appears important for stabilizing helix αG by providing a third αG helix capping interaction to the backbone amino group of Glu490. Outside of helix αG, the backbone amide groups of Leu452 and Thr451 within the P+1 loop of the activation segment form optimal hydrogen bonds to the side chain of Glu28 in eIF2α ( Figure 3C ). As noted above, this interaction appears well placed to contribute to the nonstandard conformation of the P+1 loop in PKR.
A striking feature of the PKR/eIF2α binding mode centers on the unique size and the displaced position of helix αG in PKR. In a frontal comparison with other protein kinase structures, including PKR's closest structural homologs in the Protein Data Bank, Aurora A and the death-associated protein kinases (DAPK) (Figure 4A) , helix αG of PKR is rotated counterclockwise 40°and translated 5 Å relative to its C terminus. This unique position of αG is attributable to the increased length of helix αG (one full turn longer) and the reduced length of the helix αF-αG linker (5 residues shorter) (Figures 1A and 4A ). These two features combine to pull the N-terminal end of helix αG closer to helix αF. The overall effect of the noncanonical position and length of helix αG in PKR is twofold. First, the binding of eIF2α to helix αG optimally positions the helix insert of eIF2α toward the catalytic cleft of PKR. Although not visible in either crystal complex, the disordered Ser51 acceptor site of eIF2α can be modeled to engage the phosphoacceptor binding site of PKR without distortion to either PKR or eIF2α ( Figure 4B) . Second, the binding of eIF2α to helix αG occurs without physical clashes or distortion to other regions of PKR and eIF2α. In contrast, if helix αG of PKR were to adopt a canonical size and position, the Ser51 acceptor site of a bound eIF2α molecule would be too distant to access the phosphoacceptor binding site of PKR, and eIF2α would sterically clash with both N and C lobes of PKR ( Figure  4C ). These observations suggest that the noncanonical position of helix αG contributes to both eIF2α binding specificity and acceptor-site presentation to PKR.
Induced Conformational Change in the Phosphoacceptor Site of eIF2␣
In order for PKR to phosphorylate eIF2α on Ser51, the helix insert of eIF2α must transition from the welldefined and -ordered state displayed in isolated structures (Dhaliwal and Hoffman, 2003; Ito et al., 2004) to the disordered state displayed by eIF2α in its PKR bound form. In the absence of a structural rearrangement, the Ser51 acceptor site would be positioned 17 Å away from the phosphoacceptor binding site in PKR ( Figure 5A ). In addition, in the isolated eIF2α structure, the Ser51 side chain appears inaccessible due to the structured environment of the helix insert ( Figure  5B ). This environment is maintained by a conserved local hydrophobic core involving the apolar side chains of Leu47, Leu50, Ile55, Ile58, Leu61, and Ile62 within the helical insert and Ile26 and Ala31 in the oppositefacing β1-β2 connecting segment. Demonstrating the protective nature of this local hydrophobic core, fulllength eIF2α cannot be phosphorylated by the noneIF2α protein kinase PKC to any detectable level, whereas short peptides derived from the Ser51 acceptor site are efficiently phosphorylated by PKC (K M eIF2α residues 45-56 = 100 M; Mellor and Proud, 1991). As a result of binding to PKR, the main-chain position of the β1-β2 connecting segment and the C-terminal end of β strand 3 are physically shifted by 1.6 Å and 1.8 Å, respectively. While not large in absolute terms, these distortions appear significant relative to the absence of any changes to the eIF2α structure outside of the direct binding site. Excluding the disordered region and the main-chain elements in direct contact with PKR, the Cα atoms of free and bound eIF2α display a root-mean-square deviation (rmsd) of 0.57 Å, while ordered Cα atoms of main-chain elements in close contact with PKR display an rmsd of 2.4 Å (calculated on the P2 1 crystal form). Importantly, these conformational differences are maintained in both P2 1 and P3 2 21 crystal forms. Hence, together with the noted potential of the helix insert of eIF2α to undergo conformational change, binding to PKR appears to promote the unfolding of the helix insert of eIF2α to make the Ser51 site fully accessible to the phosphoacceptor binding site of PKR.
PKR Dimer Interface
In support of a structural role for dimerization in regulating PKR catalytic activity, the kinase domain of PKR adopts a well-defined dimer configuration in two different crystal environments ( Figure 1C and Figure S2A) . Furthermore, PKR dimer-interface residues are highly conserved across the eIF2α protein kinase family, suggesting general relevance of the dimer configuration for the functioning of all family members ( Figure 3B , right panels and Figure 6 ). The PKR dimer interface is composed almost exclusively of N lobe elements, including helix α0, the β2-β3 connecting segment, a large portion of helix αC, and strands β4 and β5. The total surface area buried by dimer formation is 1370 Å 2 and 1760 Å 2 in the P3 2 21 and P2 1 crystal complexes, respectively. Due to small differences in the N lobe-to-N lobe contact angle imposed by crystal packing, not all dimer-interface contacts are equally represented in the P3 2 21 and P2 1 crystal structures (as noted below). Overall, the interaction surface is quite planar and involves a wide array of complementary hydrogen-bond, reciprocal salt, and hydrophobic interactions. Most notable amongst these include a hydrophobic interaction between the side chain of Ile288 at the tip of the β2-β3 linker and a hydrophobic pocket composed of Tyr300 in the β3-αC linker; Glu306, Val309, and Ala313 in helix αC; Cys326 In order to gain insight into the basis for K3L's noncompetitive inhibitory function and the effect of previously characterized K3L mutations, we have generated a model of a K3L/PKR complex based on the eIF2α binding mode and a static structure of K3L (Figure 7A) . Two novel features are apparent in the K3L/ PKR complex that may be of relevance to K3L function. First, the most forward-projecting end of the helix insert, represented by the side chain of His47, is well positioned to interact with the activation segment of PKR without physically blocking the phosphoacceptor binding site. Suggesting that this may be a physiologically relevant contact, mutation of solvent-exposed His47 to Gln or Asp in K3L caused an average loss of approximately 20% in noncompetitive inhibitory efficiency with- ). Together, these data support the notion that the activation segment of PKR, which, as noted below, physically bridges the dimerization and substrate-recognition interfaces, serves to allosterically couple the two remote binding interfaces. In its phosphorylated state, the activation segment is stabilized in a productive conformation by phosphocoordinating interactions with conserved basic residues projecting from helix αC, while helix αC in turn composes an integral part of the dimer interface. Other regions of the activation segment make extensive (and likely conserved) contacts with helix αG, the principle binding site for eIF2α. Included are hydrogen-bond interactions between Arg499 at the base of helix αG and the backbone carbonyl groups of Arg453 and Met455 in the activation segment and a hydrophobic interaction between Tyr454 and Arg453 in the activation segment and Phe495 in helix αG ( Figure  7B) . Additionally, the activation segment of PKR also contacts eIF2α directly through a hydrogen-bond interaction involving Glu28 in the β1-β2 connecting segment and the backbone amide groups of Leu452 and Arg453 in the activation segment (represented by an arrow in Figure 7B ). Further support for an allosteric coupling mechanism linking dimerization, activationsegment conformation, and substrate recognition is provided by one PKR molecule in the P2 1 crystal complex. In this molecule, the absence of an eIF2α binding partner correlates with local disorder of the eIF2α binding site on PKR and also disorder of the activation segment ( Figure S2B versus Figure S2C ). Since the phosphorylation status of Thr446 in this molecule cannot be assessed, the root cause of the observed disorder remains an open question. Indeed, the absence of an eIF2α binding partner imposed by crystal packing constraints (an eIF2α binding partner can not be accommodated in the crystal lattice) could alternatively be responsible for the observed disorder, and hence further structural studies of the repressed state of PKR will be required to fully resolve this issue.
Discussion
Similarities within the catalytic domains of the eIF2α protein kinase family suggest that the mechanisms of catalytic regulation and substrate recognition discerned from the PKR/eIF2α complex are functionally relevant for the eIF2α protein kinase family as a whole. Indeed, as observed for PKR, dimerization and autophosphorylation appear to be an integral part of PERK, HRI, and GCN2 protein kinase function ( Based on conservation of the activation-segment phosphoregulatory site and basic phosphocoordinating residues, the importance of activation-segment phosphorylation for protein kinase regulation is likely fully conserved for three out of four human eIF2α kinases. For GCN2, the regulatory function of activation-segment phosphorylation may differ to some degree relative to PKR since GCN2 orthologs lack the equivalent of Arg307 and Lys304 residues in PKR projecting from helix αC that coordinate the Thr446 phosphate moiety. The presence of the third phosphate-coordinating residue in GCN2 is a general determinant of a functional dependence on activation-segment phosphorylation for protein kinases as a whole (Johnson et al., 1996) . As GCN2 appears unique among eIF2α kinases in being a constitutive dimer (Qiu et al., 2001 ), perhaps this has negated a need to maintain the basic residues that couple dimerization status of the kinase domain to the conformation of the activation segment. The eIF2α recognition mechanism, in contrast, is fully conserved across the eIF2α protein kinase family, with the primary determinants appearing to consist of the unique size and orientation of helix αG rather than a strict conservation of residues composing the eIF2α contact surface. Sequence comparison reveals that all four members possess a short αF-αG helix linker and an atypically long helix αG (Figure 1A) , and hence helix αG in each protein kinase likely adopts the noncanonical position observed for PKR.
Lastly, while PKR has been implicated in the regulation of numerous biological processes, no substrates other than eIF2α and PKR itself have been validated to date. Similarly, no additional substrates for PERK and HRI have been unambiguously identified despite a great divergence in their biological roles. In the case of GCN2, functional studies in S. cerevisiae are consistent with the existence of a single substrate for GCN2 and a single protein kinase for eIF2α phosphorylation on Ser51 (Dever et al., 1992) . Although evolution has resulted in an increase from the single eIF2α protein kinase, GCN2, in S. cerevisiae to four eIF2α kinases in vertebrates, eukaryotic database searches reveal that only eIF2α possesses the "eIF2α/K3L"-like fold with the requisite amino acid determinants for binding PKR. This strongly suggests that the higher-order substraterecognition mechanism employed by PKR and other eIF2α protein kinases, centered on helix αG, is restricted solely to eIF2α recognition. While these observations also hint at the possibility that the eIF2α protein kinase family, as a whole, phosphorylates only a single substrate, they do not rule out the possibility that PKR and other family members in vertebrates phosphorylate additional substrates through the use of alternate targeting mechanisms.
Experimental Procedures Protein Expression and Purification
GST-PKR
258-551 and GST-eIF2α 3-175 were expressed separately in E. coli BL21 cells from TEV protease-cleavable versions of pET14b (Novagen) and pGEX-2T (Pharmacia) plasmids, respectively. Expressed proteins were bound to glutathione Sepharose and eluted by cleavage with TEV. Eluted PKR 258-551 and eIF2α 3-175 were applied to Q-Sepharose and Sp-Sepharose columns, respectively, and eluted with NaCl gradients, concentrated by ultrafiltration, and further purified by gel filtration chromatography (buffer = 10 mM HEPES, 150 mM NaCl, 5 mM dithiothreitol, 0.5 mM NaN 3 [pH 7.0] for PKR and PBS supplemented with 5 mM β-mercaptoethanol for eIF2α). Purified PKR 258-551 and eIF2α 3-175 were mixed at a 1:1 molar ratio to a final complex concentration of 0.5 mM (±2 mM AMP-PNP and 10 mM MgCl 2 ) for crystallization. . The initial molecular-replacement solution was modified and refined as described for the P3 2 21 crystal form. In the final model, residues 49-56 of eIF2α and residues 334-355 and 542-551 of the directly bound PKR molecule are disordered. In the second PKR molecule, which lacked an eIF2α binding partner, significant portions of the C lobe were completely disordered, including residues 375-389 containing helix αD, residues 437-465 of the activation segment, and residues 483-500 of helix αG. As observed for molecule 1, residues 338-357 and 542-551 were also disordered. Residues with disordered side chains modeled as Ala include Gln59, Lys60, and Leu61 in eIF2α; Arg356, Lys426, Lys440, and Lys444 in PKR molecule 1; and Lys409, Lys416, Lys426, Tyr472, Lys509, Lys512, Gln516, Lys517, Leu518, Lys522, and Arg526 in PKR molecule 2. Pertinent refinement and data-collection statistics are listed in Table S1 . Ribbons and surface representations were generated using PyMOL ( 
Crystallization
